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INTRODUCTION
The endothelium is involved in the regulation of vascular tone and plays a key role in determining arterial health. Forming the inner lining of the arteries, endothelial cells are constantly exposed to blood flow-associated shear stress. This mechanical stimulus is a crucial determinant of endothelial cell function, and its impact depends on the pattern, magnitude and duration of shear stress exposure (Cunningham & Gotlieb, 2005; Kadohama et al., 2006) . When an elevation in antegrade shear stress is maintained (e.g. ≥30 min in a single exposure or with repeated exposures), this can alter endothelial enzyme expression and/or activation such that the endothelial capacity for vasodilator production is increased (Casey, Ueda, Wegman-Points, & Pierce, 2017; Hambrecht et al., 2000; Tinken et al., Atkinson et al., 2015; Tinken et al., 2009 ). This indicates that exposure to a short-term, sustained increase in shear stress enhances the ability of the endothelium to respond to a subsequent transient increase in shear stress.
In contrast to the transient RH stimulus, FMD is also stimulated by more sustained increases in shear stress [sustained stimulus FMD (SS-FMD); Pyke, Poitras, & Tschakovsky, 2008b; Tremblay & Pyke, 2018; Wray et al., 2011] . Sustained stimulus FMD is physiologically relevant because it occurs in conduit arteries in vivo during exercise or in warm environments when there is sustained dilatation of the distal microvasculature. SS-FMD has been assessed in the brachial artery in response to increases in shear stress induced by both handgrip exercise and forearm heating (Pyke et al., 2008b; Tremblay & Pyke, 2018; Wray et al., 2011) . Transient and sustained increases shear stress appear to recruit distinct endothelial mechanotransduction pathways, with differing involvement of G-protein and calcium-dependent signalling (Figueroa et al., 2013; Frangos, Huang, & Clark, 1996) . This suggests that FMD stimulated by a transient versus a sustained shear stress profile provides information regarding distinct aspects of endothelial function (Tremblay & Pyke, 2018) . In support of this, acute interventions and chronic conditions can have different impacts on RH-FMD and SS-FMD (Findlay, Gupta, Szijgyarto, & Pyke, 2013; Padilla, Harris, Fly, Rink, & Wallace, 2006; Slattery, Stuckless, King, & Pyke, 2016; Szijgyarto et al., 2013) . Understanding how exposure to shear stress dynamically influences FMD in response to both transient and sustained shear stress stimuli is essential to understanding the role of the endothelium in determining arterial tone in vivo. Given the potential for a disparate influence of prior shear stress on RH and SS-FMD, specific investigations of SS-FMD are needed.
To date, the impact of prior short-term (∼30 min) shear stress exposure on SS-FMD has been minimally investigated. Ade et al. (2015) , the only study examining this phenomenon, found that an acute intervention consisting of 40 min of forearm heating, which elevated brachial artery shear stress, potentiated handgrip exercise-induced SS-FMD tested 15 min post-intervention. The duration of SS-FMD potentiation by prior shear stress exposure and the relative magnitude of RH versus SS-FMD potentiation are unknown. Exposure to a prior sustained elevation in shear stress might have a greater influence on subsequent SS-FMD due to activation of the same transduction pathway (Figueroa et al., 2013; Frangos et al., 1996) .
The purpose of this study was therefore to determine: (i) whether there is potentiation of SS-FMD 10 and 60 min after a 30 min handgrip exercise intervention; and (ii) whether the influence of the intervention differs for RH-FMD versus SS-FMD (intervention and FMD testing shear stress profiles dissimilar and similar, respectively). We hypothesized that SS-FMD would be enhanced after the handgrip exercise intervention. Furthermore, because the intervention and SS-FMD stimulus shear stress profiles are similar, we hypothesized that there would be greater potentiation of SS-FMD. Characterization of the time course of SS-FMD potentiation and determining whether potentiation exhibits evidence of shear stress profile specificity further elucidates the ways in which endothelial function is regulated by shear stress and how the FMD mechanism operates during multiple exposures to exercise.
METHODS

Ethical approval
The study protocol was approved by the Health Sciences Human
Research Ethics Board at Queen's University (file number 6004461)
New Findings
• What is the central question of this study?
This study sought to determine whether enhancement of brachial artery flow-mediated dilatation (FMD) after acute exposure to a sustained elevation in shear stress is greater when the shear stress stimulus for FMD is also sustained.
• What is the main finding and its importance?
Brachial artery FMD in response to a sustained (handgrip exercise) and transient (reactive hyperaemia) shear stress stimulus was enhanced to a similar extent 10 min after a 30 min handgrip exercise intervention. This suggests that prior exposure to a sustained elevation in shear stress results in a similar acute augmentation of the ability of the endothelium to transduce sustained and transient shear stress stimuli. and conforms to the standards set by the Declaration of Helsinki (with the exception that the study was not registered in a database). All participants provided written consent on a form approved by the same board.
Participants
Twenty healthy young men (aged 22 ± 3 years) from the Queen's University community in Kingston, ON, Canada participated in the study. Owing to poor ultrasound scans, one participant was excluded from all analysis and another was excluded from RH-FMD analysis, resulting in an n of 19 for SS-FMD and an n of 18 for RH-FMD. Comparisons between the SS and RH-FMD testing conditions therefore have an n of 18 unless otherwise stated.
Screening visit
All volunteers completed a medical history questionnaire. Volunteers reporting cardiovascular or metabolic disease, dyslipidaemia, hypertension or taking vasoactive medications or medications to control cardiovascular risk factors were excluded. Height and weight were assessed for calculation of body mass index (BMI), and blood pressure was assessed using a BPM-200 automated blood pressure monitor (BpTRU Medical Devices, Coquitlam, BC, Canada) . Volunteers who were obese (BMI > 30 kg m −2 ) or hypertensive (systolic blood pressure >140 mmHg, diastolic blood pressure >90 mmHg) at the time of screening were excluded. Volunteers reporting participation in structured exercise of >60 min per day on >3 days per week were also excluded. Volunteers who met the inclusion/exclusion criteria were asked to perform a maximal voluntary contraction (MVC) and a short (<5 min) bout of handgrip exercise in a 1 s:5 s contraction:relaxation duty cycle to familiarize them with the protocol and confirm that a clear brachial artery ultrasound image and velocity signal could be obtained. A target exercise intensity for SS-FMD (%MVC) was also determined (see SS-FMD description below). 
Experimental design
Participants attended two experimental visits during a 3 week period, 
Procedures
Participant monitoring
Heart rate (HR) was monitored throughout the testing session using a three-electrode ECG. Blood pressure was continually measured via 
Brachial artery blood velocity and brachial artery diameter
As previously described 
2.5.3
Handgrip exercise intervention 
Assessment of FMD
Reactive hyperaemia flow-mediated dilatation
The left arm was extended at an angle of 80 deg from the torso, and an ultrasound probe was placed over the left brachial artery. A pneumatic cuff (REUSE-13; Welch Allyn, Skaneateles Falls, NY, USA) was placed around the forearm, distal to the olecranon process. When testing began, the brachial artery diameter and blood velocity were recorded for a 1 min baseline. After baseline, the cuff was inflated to 250 mmHg and remained inflated for 5 min. After 4 min of cuff occlusion, recording of brachial artery diameter and blood velocity resumed. The cuff was deflated after 5 min, and recording of diameter and blood velocity continued for 3 min after cuff deflation.
Sustained stimulus flow-mediated dilatation
Participants lay supine, with the handgrip dynamometer in their left hand and the ultrasound probe over the left brachial artery.
One minute of baseline diameter was recorded before 6 min of continuous handgrip exercise at a 1 s:5 s (contraction to rest) duty cycle. Participants exercised at an intensity (%MVC; determined in screening visit) required to elicit a shear rate of 75 s −1 , up to a maximum of 45% MVC. A shear rate target of 75 s −1 has been used previously (King, Slattery, & Pyke, 2013) , and to achieve this, a required blood velocity was calculated [to achieve a target shear rate of 75 s −1 : required blood velocity = 75 s −1 × brachial artery diameter (cm)]. When velocity is maintained and dilatation occurs, this will attenuate the shear rate achieved; however, with the degree of dilatation observed in this protocol the impact is minor (Pyke et al., 2008a) . A maximal SS-FMD handgrip exercise intensity of 45%
MVC was implemented to limit fatigue over the multiple bouts of handgrip exercise, and in some cases, this resulted in targeting a shear rate <75 s −1 . However, the shear rate target was always the same within subjects from pre-to post-intervention. The blood velocity was displayed as a moving average in real time to enable maintenance of the required velocity, and adjustments in %MVC were made as needed.
Participants viewed a force readout line to reach the desired %MVC (LabChart; AD Instruments).
Data analysis 2.6.1 Heart rate
Heart rate data were analysed using LabChart (ADInstruments) in 3 s average time bins. The baseline HR before each FMD test is reported as a 1 min average. Heart rate was also reported as a 1 min average at minutes 0, 10, 20 and 30 of the intervention.
Blood pressure
The baseline mean arterial blood pressure (MAP) before each FMD test is reported. A 1 min average was used when blood pressure was assessed with the Finometer (n = 6). If blood pressure was assessed via the BpTru (n = 14), the device performed three measurements, and the average of the last two measurements was reported. The MAP was calculated using the equation: MAP = P diastole + 
Brachial artery blood velocity and diameter
LabChart (ADInstruments) data acquisition software was used to analyse blood velocity in 3 s time bins, as previously described by Pyke et al. (2008b) . An automated edge-detection software package was used to analyse brachial artery diameter (Encoder FMD and Bloodflow, version 3.0.3; Reed Electronics, Perth, WA, Australia) as previously described . The investigator was blinded to trial (pre-intervention, 10 and 60 min post-intervention) while performing image analysis. Diameter measurements were grouped into 3 s time bins and time aligned with the 3 s velocity time bins for the calculation of shear rate.
Shear rate
Shear rate was calculated as the mean blood velocity/vessel diameter.
This estimation of shear stress without viscosity measurements is considered an appropriate practice in this population . The magnitude of mean, anterograde and retrograde shear rate during the exercise intervention was quantified at times 0, 10, 20 and 30 min. Shear rate during the intervention on the SS-FMD testing day was not characterized in one participant owing to poor intervention images. Therefore, the testing condition comparison for intervention diameter and shear rate has an n of 17.
For the FMD tests, the baseline shear rate is reported as a 1 min average. The RH-FMD shear rate stimulus was reported as the area under the curve (AUC) from the time of cuff release to the time of peak diameter measurement (Pyke & Tschakovsky, 2007) . The 60 min post RH-FMD trial shear rate AUC was missing for three participants owing to a lost velocity signal. The shear rate stimulus for SS-FMD was characterized as the average during each minute of exercise Pyke et al., 2008b ).
Flow-mediated dilatation
The RH-FMD response was determined as an absolute and percentage increase from the resting baseline diameter to the peak 3 s average time bin. The SS-FMD was quantified as an absolute and percentage increase from baseline diameter to the average diameter during each minute of exercise.
Statistical analysis
Statistical analysis was performed using Sigmaplot 11 (Systat Software, Chicago, IL, USA) or SPSS 24 (IBM, Armonk, NY, USA). All values are expressed as the mean ± SD. Statistical significance was set at P < 0.05.
Heart rate, MAP and shear rate during the intervention
Baseline brachial artery diameter before the intervention was compared between conditions (RH versus SS-FMD visits) with Student's paired t test. The HR, MAP and shear rate during the intervention were analysed using a two-way repeated-measures ANOVA, with the factors condition (SS-FMD and RH-FMD) and time (baseline, 10, 20 and 30 min).
Baseline parameters in the FMD trials
To compare the baseline parameters between conditions, the baseline HR, MAP, shear rate and diameter before each FMD test were analysed using a two-way repeated-measures ANOVA, with factors condition (SS-FMD and RH-FMD) and trial (pre-intervention, 10 and 60 min postintervention).
Impact of the intervention on the shear rate stimulus and FMD
A two-way repeated-measures ANOVA, with the factors trial (preintervention, 10 and 60 min post-intervention) and time (minutes 1-6 of exercise), was used to analyse the shear rate stimulus and SS-FMD response. A one-way repeated-measures ANOVA, with the factor trial (pre-intervention, 10 min post and 60 min postintervention), was used to analyse the RH shear rate AUC and RH-FMD. Significant main effects were explored with Tukey's post hoc test.
TA B L E 1 Heart rate and mean arterial pressure during the 30 min handgrip exercise intervention Abbreviations: HR, heart rate; MAP, mean arterial pressure; RH-FMD, reactive hyperaemia flow-mediated dilatation; and SS-FMD, sustained stimulus flow-mediated dilatation. Data are expressed as means ± SD. * Baseline significantly different from all other time points.
The RH and SS-FMD were also analysed with the addition of the shear rate stimulus as a covariate (linear mixed model).
Comparison of SS-FMD versus RH-FMD: impact of the intervention
The change in RH versus SS-FMD from pre-intervention to the 10 min post-intervention trial (trial demonstrating largest impact for both tests) was compared with Student's paired t test. The effect size of the intervention (Cohen's d) was also calculated for each test using absolute FMD.
RESULTS
Subject characteristics
Participants were 22 ± 3 years of age, with an average BMI of 25 ± 3 kg m −2 . Self-reported physical activity in the past week was not different between visits (visit 1, 244 ± 13 kcal kg −1 week −1 ; visit 2, 241 ± 13 kcal kg −1 week −1 ; P = 0.229, n = 14).
Handgrip exercise intervention variables 3.2.1
Intervention heart rate and mean arterial pressure
Heart rate and MAP increased significantly over time during the intervention (all exercise time points were significantly different from baseline, P < 0.001), but there was no effect of condition or interaction between time and condition (Table 1) .
Pre-intervention baseline brachial artery diameter
The pre-intervention baseline diameter did not differ between conditions (RH-FMD condition, 0.373 ± 0.04 cm; SS-FMD condition, 0.370 ± 0.04 cm; P = 0.291).
Intervention mean shear rate
Mean shear rate increased during the intervention (main effect of time, P < 0.001). The baseline mean shear rate was smaller than all other time points (P < 0.001). Mean shear rate did not differ between conditions (P = 0.308; interaction between time and condition, P = 0.547; Figure 2 ).
Intervention anterograde shear rate
Anterograde shear rate increased during the intervention (main effect of time, P < 0.001). The baseline anterograde shear rate was smaller than all other time points (P < 0.001). Anterograde shear rate did not differ between conditions (P = 0.679; interaction between time and condition, P = 0.527; Figure 2 ).
Intervention retrograde shear rate
Retrograde shear rate increased during the intervention (main effect of time, P = 0.014). The baseline retrograde shear rate was significantly smaller than both 10 min (P = 0.03) and 20 min (P = 0.018) into the intervention. Retrograde shear rate did not differ between conditions (P = 0.066; interaction between time and condition, P = 0.523; Figure 2 ).
Flow-mediated dilatation test variables
Flow-mediated dilatation test baseline HR and MAP
Baseline heart rate did not differ between conditions or trials (Table 2) .
Baseline MAP did not differ between conditions, but there was an effect of trial (P < 0.001) such that MAP was slightly higher 10 and 60 min post-intervention versus pre-intervention (Table 2) .
Flow-mediated dilatation test baseline brachial artery diameter
Baseline diameter did not differ between conditions or trials (Table 3) .
3.3.3
Flow-mediated dilatation test baseline shear rate
Baseline shear rate did not differ between conditions. However, there was a main effect of trial (P < 0.001) such that the baseline shear rate during the 10 min post-intervention trial was larger than both the preintervention trial (P = 0.015) and the 60 min post-intervention trial (P < 0.001; Table 3 ).
Shear rate stimulus during the RH-FMD and 6 min handgrip exercise SS-FMD tests
As expected, shear rate increased during the handgrip exercise, creating the stimulus for SS-FMD (main effect of time, P < 0.001; Figure 3a ). There was an unexpected interaction between time and Abbreviations: HR, heart rate; MAP, mean arterial pressure; RH-FMD, reactive hyperaemia flow-mediated dilatation; and SS-FMD, sustained stimulus flow-mediated dilatation. Data are expressed as means ± SD. * Pre-intervention MAP was lower than both post-intervention trials (P < 0.001). RH-FMD (n = 18) 6.8 ± 3.1 8.8 ± 3.5 ‡ 6.8 ± 3.6 0.004
TA B L E 3
Abbreviations: RH-FMD, reactive hyperaemia flow-mediated dilatation; and SS-FMD, sustained stimulus flow-mediated dilatation. Data are expressed as means ± SD. %SS-FMD is a 6 min average. %RH-FMD is calculated from the peak 3 s time bin. *10 min post-baseline shear rate was greater than baseline shear rate in the other two trials. † 10 min post %SS-FMD was greater than pre-intervention %SS-FMD. ‡ 10 min post %RH-FMD significantly greater than %RH-FMD both pre-intervention and 60 min post-intervention. For RH-FMD shear rate AUC to peak diameter, there was a main effect of trial (P < 0.001). The 10 min post-intervention trial shear rate AUC was significantly larger than the pre-intervention trial (P = 0.004) and the 60 min post-intervention trial (P < 0.001). The pre-intervention shear rate AUC was also significantly larger than the shear rate AUC during the 60 min post-intervention trial (P = 0.039; Figure 3b ).
Flow-mediated dilatation
Sustained stimulus flow-mediated dilatation
There was an effect of trial for absolute SS-FMD (P = 0.009). Post hoc analysis identified that the 10 min post-intervention trial SS-FMD was significantly larger than the pre-intervention trial (P = 0.008; Figure 4a ). Results for %SS-FMD followed the same pattern (Table 3) .
The difference in SS-FMD between trials was maintained with the addition of the shear rate as a covariate (P < 0.001).
Reactive hyperaemia flow-mediated dilatation
There was a main effect of trial for absolute RH-FMD (P = 0.002).
Post hoc analysis identified that the 10 min post-intervention trial was significantly larger than the pre-intervention trial (P = 0.008) and the 60 min post-intervention trial (P = 0.004; Figure 4b ). Results for %RH-FMD followed the same pattern (Table 3) . There was no relationship between the change in shear rate AUC and the change in RH-FMD from pre-intervention to 10 min post-intervention (P = 0.895). The difference in absolute RH-FMD between the pre-intervention and 10 min post-intervention trial was maintained with the addition of the shear rate AUC as a covariate (P = 0.05).
Impact of the 30 min handgrip exercise intervention on SS-FMD versus RH-FMD
The 
DISCUSSION
The purpose of this investigation was twofold. 
Haemodynamic changes and shear rate during the intervention
Similar HR and MAP changes indicate that the haemodynamic response to the 30 min handgrip exercise intervention was the same in the RH and SS-FMD testing conditions. The intervention protocol also successfully created the same mean shear stress alteration in both conditions. Shear stress pattern is characterized by also examining the antegrade and retrograde components of the profile. Pattern is important because increased mean and anterograde shear stress are expected to have a beneficial impact on endothelial function (Naylor et al., 2011; Tinken et al., 2009) , whereas substantial increases in retrograde shear stress, which create an oscillatory profile, can promote endothelial dysfunction (Thijssen, Dawson, Tinken, Cable, & Green, 2009; Ziegler, Bouzourene, Harrison, Brunner, & Hayoz, 1998 Although several studies have reported potentiated brachial artery FMD after acute exposure to an increase in mean shear stress (Ade et al., 2015; Atkinson et al., 2015; Tinken et al., 2009 ), other investigations have demonstrated an impairment in FMD after intense treadmill or cycling exercise (Birk et al., 2013; Silvestro et al., 2002) . Although intense exercise is expected to increase shear stress systemically, it is a complex stimulus that may also increase production of reactive oxygen species Johnson, Padilla, & Wallace, 2012; Silvestro et al., 2002) . This may result in a reduction in nitric oxide bioavailability, counteracting the positive effects of shear stress exposure (Trinity et al., 2016) . A significant increase in oxidative stress is not expected when mildintensity handgrip exercise (present study; Atkinson et al., 2015; Tinken et al., 2009) or heating (Ade et al., 2015) is used to stimulate the increase conduit artery shear stress.
Impact of the intervention on SS-FMD
The magnitude of pre-intervention SS-FMD is comparable to other studies that have created similar steady shear rates in the same population (Ade et al., 2015; King et al., 2013; Pyke et al., 2008b) . In keeping with our primary hypothesis, we observed that SS-FMD was There were unexpected trial differences in the SS-FMD shear rate stimulus at two time points during exercise (minutes 1 and 4), and this reflects experimental error in efforts to target the shear rate.
Of particular relevance to the larger SS-FMD at 10 min post versus pre-intervention, the 10 min post-intervention trial shear rate during the first minute of exercise was significantly larger than the shear rate in the pre-intervention trial. Regression analysis determined that this trial difference in the shear rate stimulus did not predict the corresponding change in SS-FMD (data not shown). In addition, we have previously shown (Pyke et al., 2008b ) that in a similar 10 min SS-FMD protocol, a substantially larger shear rate in the first minute does not influence the SS-FMD response magnitude; therefore, it is unlikely that the small trial differences in the SS-FMD shear rate stimulus influenced the SS-FMD response.
Impact of the intervention on RH-FMD
The observation of improvement in RH-FMD after a 30 min exposure to shear stress elevated by handgrip exercise is in agreement with some (Atkinson et al., 2015; Tinken et al., 2009) but not all (Gonzales, Thompson, Thistlethwaite, & Scheuermann, 2011) previous observations in young healthy participants. The magnitude of RH-FMD improvement in the 10 min post-intervention trial in the present study (29%) is somewhat lower than previous studies observing FMD improvement [∼51% ) and 76% (Atkinson et al., 2015) ]. Furthermore, the time course of improvement in RH-FMD was in agreement with Tinken et al. (2009) , who also reported improvement immediately after the 30 min shear stress elevation intervention, and different from Atkinson et al. (2015) , who reported improvement 60 min, but not immediately post-intervention. The reason for these discrepancies is not obvious. The population studied, protocol for RH-FMD and the interventions are similar between studies. The magnitude of anterograde shear rate created with the intervention in the present study is similar to that reported by Tinken et al. (2009), but it is somewhat lower than that of Atkinson et al. (2015) . A larger shear stress stimulus exposure during the 30 min intervention might contribute to their greater observed potentiation. In the present study, as well as in the study by Tinken et al. (2009) , the intervention protocol used isometric contractions, whereas in the study by Atkinson et al. (2015) the intervention involved isotonic contractions. This difference in intervention methodology might have contributed to the different time course of RH-FMD potentiation.
In contrast to these studies, Gonzales et al. (2011) 
Impact of congruity between the intervention and FMD testing stimulus
There is in vitro and isolated vessel evidence indicating that transient and sustained increases in shear stress are transduced via somewhat distinct pathways. In cultured endothelial cells, Frangos et al. (1996) demonstrated that a brief, large increase in shear stress resulted in NO production via a G-protein-and calcium-dependent pathway.
In contrast, a sustained elevation in shear stress resulted in NO production that was G-protein and calcium independent. arteries, it suggests that RH and SS-FMD in the brachial artery might result from activation of shear stress transduction pathways that are at least partly distinct (Tremblay & Pyke, 2018) . Accepting this assertion, the 30 min handgrip exercise intervention would recruit the 'sustained (calcium-independent) pathway' . This drove our expectation that SS-FMD would exhibit more potentiation because it would also recruit, and thus benefit most from any upregulation of, that same 'sustained pathway' . Contrary to our hypothesis, the observation that RH and SS-FMD were potentiated to a similar degree suggests either that distinct transduction pathways do not exist in conduit arteries or that the physiological basis of the potentiation (e.g. enzyme activation, localization of signalling molecules; Casey et al., 2017; Figueroa et al., 2013) occurs in a portion of the transduction pathway that is common to sustained and transient stimuli.
Baseline shear rate and MAP before the FMD tests
Baseline shear rate was elevated in the 10 min post-intervention trial compared with the pre-intervention and 60 min post-intervention trials in both conditions, and this is probably attributable to residual effects of the intervention on forearm vascular resistance. Despite this slight elevation in shear rate, baseline brachial artery diameter returned to the pre-intervention level in the 10 min post-intervention trial.
Baseline MAP values were slightly elevated after the preintervention trial, which is consistent with previous studies that have found an upward drift in MAP with supine rest . It is possible that the increased MAP reflects an increase in sympathetic nervous activity. Interventions that result in very substantial elevations in sympathetic nervous activity have been reported to impair RH-FMD (e.g. lower body negative pressure; Hijmering et al., 2002) , but this has not been shown consistently (Dyson, Shoemaker, & Hughson, 2006) and has not been shown for SS-FMD (Stuckless & Pyke, 2015) ; therefore, it is unlikely that any small increase in sympathetic nervous activity, if present, had an influence on our FMD observations.
Limitations
The participants were all young healthy men; therefore, the findings are not generalizable to other populations, including women, the elderly or specific clinical populations. This study was not designed to evaluate mechanisms of FMD potentiation. This probably involves greater endothelial nitric oxide synthase activity, and an increase in phosphorylated endothelial nitric oxide synthase content has been observed in brachial artery endothelial cells after a session of handgrip exercise (Casey et al., 2017) . A condition including endothelial nitric oxide synthase inhibition in future studies could be implemented to determine whether the potentiation effect is dependent upon nitric oxide in RH and SS-FMD. This study did not include a protocol in which responses to glyceryl trinitrate were measured pre-and post-intervention in place of FMD. This is a limitation because the FMD potentiation could have been a result of intervention-induced improvement in vascular smooth muscle function. However, Tinken et al. (2009) found that shear stress elevation stimulated by 30 min of handgrip exercise had no effect on subsequent brachial artery dilatation induced by glyceryl trinitrate. Therefore, it is unlikely that the potentiation of FMD observed in the present study was a result of a change in vascular smooth muscle function. Although dilatation in minutes 5 and 6 of the SS-FMD test was not significantly different, visual inspection of Figure 4 suggests that SS-FMD did not plateau fully. Thus, it is possible that we did not capture the 'peak' capacity for dilatation in response to the applied shear stress stimulus magnitude (Findlay et al., 2013; Pyke et al., 2008a ). Although we did not observe a significant change in potentiation throughout the 6 min of SS-FMD (no significant interaction between trial and time), it is possible that this would have emerged with a longer test. Thus, our conclusions must be confined to the 6 min test duration. This study did not include time control conditions in which RH and SS-FMD were measured before and after a 30 min period of rest. However, we have previously shown that RH and SS-FMD are stable over repeated trials in a ∼2 h laboratory visit ; therefore, it is unlikely that the observed elevation in FMD is attributable to an effect of time rather than the intervention. Finally, we did not document or attempt to control consumption of nitrate-rich food in advance of the 12 h pre-participation fast. Dietary nitrate can influence FMD and might have contributed to variability in our baseline assessment (Green, Dawson, Groenewoud, Jones, & Thijssen, 2014; Lara et al., 2016; Wang, Brown, Tam, Chan, & Whitworth, 1997) . However, given the within-subject design and the acute nature of the intervention (i.e.
pre-and post-intervention testing occurred on the same day, under the same influence of prior meals), we feel that any impact of nitrate consumption is likely to be minor.
Conclusions
This study was the first to investigate the ability of a 30 min handgrip exercise intervention to potentiate both SS-FMD and RH-FMD; conditions in which the intervention and FMD testing shear stress profile are similar and dissimilar, respectively. We observed a similar degree of FMD improvement 10 min post-intervention with both tests. Therefore, similarity between the 30 min intervention shear stress profile and the 6 min shear stress stimulus for SS-FMD did not significantly increase the magnitude of FMD potentiation. Future studies are needed to elucidate the factors that determine the duration of FMD potentiation by shear stress and the functional role of FMD potentiation during exercise.
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